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Abstract 


Observations at high temporal resolution of the frontside magneto- 
pause and plasma boundary layer# made with the lASL/MPE fast plasma 
analyzer onboard the ZSZE-1 and -2 spacecraft# have revealed a 
eonplex quasiper iodic structure of some of the observed boundary 
layers: cool tailward streaming boundary-layer plasma is seen in- 
termittently# with intervening periods of hot tenuous plasma which 
has propertirs similar to the magnetospheric population. While in- 
dividual encounters with the boundary layer plasma last only a few 
Minutes# the total observation time may extend over one hour or 
more. One such crossing# at 08 hours local time and 40^ northern 
GSM latitude# is examined in detail# including a quantitative 
comparison of the boundary-layer entry and exit times of the two 
spacecraft. The data are found to be compatible with a boundary . 
layer that is always attached to the magnetopause but where the 
layer uhickness has a large-scale spatial modulation patcern 
t'hich travels tailward past the spacecraft. Included are periods 
when the thickness is essentially zero# and others when it is of 
the order of one earth radius. The duration ofi these periods is 
highly variable but is typically in the range 2-5 minutes corres- 
ponding to a distance along the magnetopause of the order 3-8 1^. 

The observed boundary layer features include a steep density 
gradient at the magnetopause, with an approximately constant 
boundary layer plasma density amounting to about 25% of the ma- 
gnetosheath density# and a second abrupt density decrease at the 
inner edge of the layer. It also appears that the purely magneto- 
spheric plasma is occasionally separated from the boundary layer 
by a halo region in which the plasma density is somewhat higher, 
the temperature somewhat lower# than in the magnetosphere. A ten- 
tative model is proposed in which the variable boundary layer 
thickness is produced by the Kelvin-Helmholtz instability of the 
inner edge of the layer# and in which eddy motion provides ef- 
fective mixing within the l,ayer. 
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1 . Introduction 

• 

Plasma observations performed In the outermost regions of the 
Earth's magnetosphere have shown the presence of a layer of 
magnetosheath-like plasma just inside the magnetopause. Sunh 
plas|na has been found on tail field lines at low latitudes in the 
"magnetotail boundary layer” (Hones et al., 1972; Akasofu et al.» 
1973), and at high latitudes in the "plasma mantle” (Rosenbauer 
et al., 1975), as wart as on dayside field lines at high lati- 
tudes just eguatorward of the cusp in the "entry layer" (Pasch- 
mann et al., 1976; Crooker, 1977; Eastman, 1979), and at low 
Idiicuues in ' low-iatitude boundary layer " (LLDL) (Eastman 
et al., 1976; Ilaerendel et al., 1978; Paschmann et al., 1978; 
Eastman and Hones, 1979; Eastoan, 1979). It is the purpose of 
this paper to display and discuss certain temporal and spatial 
features pf the LLBL, revealed by the fast plasma instrumentation 
onboard the satellite pair ISEE-1 and -2. A description of the 
ZSEE spacecraft and mission may be found in Ogilvie et al. (1977) 

Prior studies of the LLBL were base on two-dimensional plasma 
data with medium to low temporal resolution: data from the 
LASL plasma analyzer on lMP-6 (Eastman et al., 1976; Eastman 
and Hones, 1979; Eastman, 1979), and from the MPE instrument 
on HEOS-2 (Haerendel et al., 1978). The results reported by 
the two groups agree in many respects, but differ also on 
one important point, that concerning the' predominantly ob- 
served density variation at the magnetopause and across the 
boundary layer. In the IMP data SOt >or more of the crossings 



display no fiistlnct density change across the magnetopause, 
idiile In the KEOS observations such a change is almost always 
present with the density remaining at a plateau level, sub- 

• 

etantleilly below the magnetoshe&th value, throughout most of 
the LLBL. These different findings led the two groups to suggest 
different entry mechanisms: local entry, via diffusion or direct 
flow across the magnetopause, in the former case; nonlocal entry, 
e.g. in the cusps, followed by Internal flow and diffusion and/or 
heating of cold magnetospheric plasma, in the latter. Some of 
the discrepancies between the two data sets are perhaps arti- 
ficial and caused by the much coarser time resolution of the 
HEOS Experiment (Eastman and Hones, 1979). There may also be 
a real difference, owing to the fact that the two sets do not 
cover the frontside magnetopause identically, w^th a preponder- 
ance of crossings at greater distances from the subsolar region 
in the IHP-6 set (Paschmann et al., 1978). 

The present analysis dees not suffer from a lack of temporal 
resolution. Like the study of Paschmann et al. (1978), it is 
based on data from the LASL/MPE fast plasma experiments (PPE) 
on ISEE-1 and -2 which in high data rate provide two-dimensional (20) 
proton and electron distributions every 3 seconds, and, 'simul- 
taneously, three-dimensional (30) distributions every- 12’ seconds. 
Details of the instruments are described elsewhere (Same et al., 
1978; Paschmann et al., 1978). Here, it is sufficient to note 
that the 20 instruirients smple protons and electrons in 16 energy 
bins. and in 16 angular sectors of the spacecraft equatorial 
plane (which approximately coincides with the ecliptic plane) , 
Integrating over + 55° of the elevation angle. By reducing the 
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angular raaolutlon to 8 sectors « which is adequate for aany 
purposes^ 2D distributions can be obtained every 1.5 seconds* * 

Xn addition, good approximations to tha electron density and 
temperature can be. derived from in^lvidudl energy spectra; 
these parameters (ID data) canbe analyzed with 375 milliseconds 
resolution, cf. Same et al. (1979). The 3D instrument resolves 
the ± 55^ elevation range into 4 segments, the azimuth into 8 
and 4 sectors (for the inner and outer elevation channels, 
respectively) . Xts total field of view amounts (as that of the 20 
instrument) to 82% of the unit sphere. Effects of the incomplete 
angular coverage on the accuracy of the computed plasma bulk 

liave been studied by means of simulztions with Max- 
wellian distributions (cf. Paschmann et al., 1978). Briefly, 
Inaccuracies grow with increasing flow elevation angles and 
increasing ratios of the bulk speed over the thermal speed, but 
even for elevations as large as 60^ they are reasonably small 
as long as the temperature is above * 10^ K, and the bulk speed 
below • 3CX> km/s. Xon beams can only be missed if they are highly 
supersonic and propagate almost perpendicular to the spacecraft 
spin plane. The data (cf. Figure 3) do not indicate the presence 
of such ions in the large part of velocity space that is sampled 
by the instriunent. Also employed in our study are the 64 s aver*' 
ages of the UCLA magnetic-field data provided on the XSEE-1 ddta 
pool tape, and for certain intervals also medium resolution 
(12 s averages overlapping by tt'o thirds) and high resolution 
(62.5 ms) field data. A description of ^he magnetometer experi- 
ment may be found in Russell (1978). 


Sections 2-7 of the paper contain a detailed study and inter- 
pretation of a single low-latitude morning-side boundary layer 
crossing (November 6 , 1977» orbit 7 , outbound) » followed in 
Section 8 by a brief summary of other XSEB observations of the 
LLBL. The November 6 , 1977, pass is representative of a number 
of these. It was selected for several reasons, among them the 
high rate of data transmission, and the availability of simul- 
taneous ISBE-1 and -2 data over most of the period of interest. 
But our main criterion was that one of the effects which we 
wiph to demonstrate was less obscured by competing ones than 
on other occasions. This effect is the presence of a large 
temporal modulation of the boundary layer thickness at a fixed 
observation point on the magnetopause, or equivalently, a 
spatial modulation pattern travelling tailward j^ast that point. 
In Section 9, we describe a physical model that may explain 
this modulation. 
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2. Overview of ObggrvatlQni 

* • 

Figure 1 shows two hours of plasma an4 magnetic-field data from 

« 

the lSEE-1 outbound* traversal of the outer magnetosphere and 
magnetosheath on November €, 1977* starting at 0430 UT. A few 
brief' boundary layer plasma encounters occurred in the 30 mi- 
nute period preceding that tine (Frank et al., 1978, Fig. 5) 
but the main encounter started at 0459 UT and continued inter- 
mittently for slightly more than 50 minutes, during which time 
the satellite travelled outward a distance of more than one 
earth radius. At 0550 UT it crossed the magnetopause, where the 
..lu^r.stic field underwent a large directional change, and entered 
the magnetosheath. The satellite location at that time was 
"•'OSOO local time at — 40° northern GSM latitude. The geocentric 
radial distance of the magnetopause was 12.75 in close agree- 
. ment with -the position predicted by the Fairfield (1971) model. 

At the beginning of the data Interval shown, the Instrument 
sampled the hot tenuous plasma of the outer magnetosphere 
(region 1; identified in Figure 1 by the density level) and 
at the end the much denser and cooler magnetosheath plasma 
(region 4). These two states establish the extreme upper and 
lower limits on density and temperature. During the boundary 
layer encounter the plasma density and proton temperature 
switched between two Intermediate states of 
low density and high temperature (region 2) and of higher den- 
sity and lower temperature (region 3) . We refer to the former 
region as the halo, to the latter as the boundary layer proper. 
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Xn reality there are several intermediate levels* but for the 
purposes of the subsequent discussion it is conveni.ent to con- 
sider only four plasma domains* referred to as regions 1-4 
above (for a geometrical model* see Figure 7) . The density • 
maxima in region 3 typically fall short of the magnetosheath 
(region 4) values by a factor of >^4* and the minima in 
region 2 exceed the magnetospheric (region 1) values by a 
factor of~2. Likewise* the proton temperature minima in region 3 
typically exceed the magnetosheath temperature by, a factor 
of 2 while the maxima in region 2 fall short of the magneto- 
spheric values by a factor of ^4. During the high density 
periods (region 3) the electron tempemture reaches esc-iPtinlly 
the magnetosheath level, during low density ones (region 2) it 
falls substantially short of the magnetosphere level. 

I 

The plaana parameters shown are individual data (3 s "snapshots") spaced 24 s 
apart (rather than averaged over 24 s) . This spacing was chosen to 
adjust the temporal resolution to the time interval covered; cor- 
responding reductions apply to some of the subsequent figures. 

On expanded time scales* the full set of the 3 s or 1.5 s data 
(partially shown in later figures) * '^nd even the ID electron data 
displayed every 375 milliseconds (not included) similarly show 
distinctly different states of the density and temperature* in 
the latter cases superimposed by fluctuations of the order of a 
factor of 2, Since we do not intend to discuss the microscale 
structure of the plasma* such, fluctuations on time scales of less 
than 3 s are of no importance for our purpose; also* their in- 
fluence on the 3 s data is small so that the intermediate levels 
shown in the figure are real and not merely artifacts created by 
data averaging. By using the term "level" we do not wish to imply 


that the plasma density and temperature remain constant throughout 
such intervals. It is immediately apparent in Figure 1 that, 
whereas transitions from region 2 to region 3 tend to occur ra- 
pldly, the relaxation back to region 2 conditions takes place 
more gradually, and often step-wise. Further discussion of the 
plasma, properties in and near the boundary layer is presented 
in Section 3. 

bevels of plasma density and temperature intermediate between 

magnetosheath and magnetosphere values are among the well-known 

• 

characteristics of the LLBL (Eastman et al., 1976; Haerendel et 
aX. , 177a; Eaiitiiian ana rioncs, but the quaslperiodie 

switching between two intermediate levels, apparent in the 
figure, with periods in the range 2-5 rain has not been reported 
heretofore. It is this feature that provided the main focus of 
the present, paper. 

Turning now to the plasma bulk flow panel in Figure 1 , it is 
'' seen that the boundary layer plasma in the high density low 
temperature state (region 3) attains bulk speeds comparable to 
the magnetosheath value. Xn fact, in the density maxima imme- 
diately preceding the magnetopause it exceeds that value by 
approximately 50%. The velocity spikes in the magnetosheath 
region at 0605 UT, and perhaps also those near 0557 and 
0624 UT, have the signatures of flux transfer events (Russell 
and Elphic, 1978). In the low-density gaps' (region 2) the flow 
speed is, for the most part, small. More details concerning 
the plasma flow are given in Section 4 . 


* . 

Th« nagnstlc-fiald ocientAtion, given by the CSM longitude and 
latitude angles and in Figure 1, indicates that there was 
only one magnetopause crossings at 0550 UT. During the preceding 
SO minutes of boundary layer observations, the field orientation 
was magnetospheric although with a higher level of fluctuations 
than before w>0459 UT. Such fluctuations are commonly observed 
in the boundary layer (Eastman et al., 1976; Haerendel et al., 
1978). Details of these variations are discussed in Section 5. 

The possibility of brief excursions into the magnetosheath which 
might not show up in the low-resolution field data used in the 
figure, can be ruled out from an inspection of the medium ;»jiid 
high resolution data. Immediately before the magnetopause 
crossing the plasma was in the low-density high-temperature 
state (region 2), indicating that little boundary; layer plasma 
was present. The thickness of the boundary layer at this instant, 
and the motion and structure of the magnetopause will be dis- 


cussed in Section 6 
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3. The Boundary Layar Pla«w 

The boundary layer plasma has frequently been deioxlbed as being 
"magnetosheath-like" or a mixture of plasma from the magnetosheath 
and from the magnetosphere (Eastman et al.# 1976; Haerendel et al.t 
1978; Eastman and Hones, 1979; Eastman, 1979). This descrip- 
tion was obtained from comparisons of proton and electron 
spectra in the magnetosphere, magnetosheath, and boundary 
layer plasma, and was recently confirmed by mass spectrometer 
data (Shelley et al., 1978; Peterson et al., 1979). Rather 
than discussing individual energy spectra we present in Figure 2 
f'^pcrai varl.itlcns of proton ana (electron fluxes in seiectec 
energy bands during the central onc-hour interval of the pre- 
vious figure. The parameters are "partial densities”, 

i.c., the contributions from the respective energy bands to 
the total (2D) plasma density shown in the upper panel of Fi- 

r 

gure 1 . 

The upper two proton curves and the upper electron curve in 
Figure 2 arc the low-energy parts of the spectra which dominate 
in the cool magnetosheath distributions. These fluxes are enhanced 
in the boundary layer and, since they contribute the most to the 
total density, lead to the density enhancements. The bottom pro- 
ton and electron curves are taken from those parts of the dis- 
tributions which dominate the spectra in the outer magnetosphere. 
These curves are invariably depressed whenever the low-energy 
fluxes are enhanced. In accordance with previously published 
results (Haerendel et al., 1978) we see that, also in this case, 


tlM «ir.plltud« of th« oscillation in tho high-anorgy (nagnato- 
spharic) proton curva is nuch snallar than that of tha low-enargy 

(inagnatosheath) on«. Tha remaining two curves are from those 

• 

parts of tha spectra where variations are comparatively^ small i 
In particular, there are hardly any changes at the magnetopause. 

e 

Tha maxima of the low-energy protons and electrons in the bound- 
ary layer never reach their respective magnetosheath levels, 
a fact reflected in the corresponding behaviour of the total 
density in Figure 1 . Likewise do the high-energy fluxes never 
fall as low as in the nagnetosheath. 

Two more conments should be made about the curves in Figure 2. 
First, at the beginning of the event the transition from the 
magnetosphere (region 1) to the dense boundary layer (region 3) 
occurs, net directly, but via a brief encounter with region 2. 

. This fact is also evident in Figure 1 , in particular in the 
electron temperature. On the other hand, it appears that the 
magnetopause crossing corresponded to a more or less direct 
transition from region 2 to region 4 since (on this time scale) 
the records do not show any appreciable shoulders in the den- 
sity curves to indicate a sustained presence of region 3 plasma. 
This point will be examined further in section 6. 

The second comment is that, at the highest as well as the lowest 
energies, the transitions from region 2 to region 3 are often 
very sharp and nearly simultaneous, while the return to region 2 
is more gradual, giving the time records a saw-tooth 
appearance. At the intermediate energies (2.3 - 4.5 keV ions; 


285 •> €70 eV itlttctroiis) th« 2 3 transition* are usually also 

rapid but the saw-tooth effect is largely absent. 

The steep temporal gradients in Figures 1 and 2, associated 
with transitions from region 2 to region 3, do not correspond 
to stationary steep spatial gradients traversed at essentially 
the satellite speed. One indication of this may be found in 
Figure 2 which shows that the gradients are almost equally 
steep at high and low energies, contrary to what would be 
expected from finite gyro-radius effects in a stationary 
structure. In Section 7 the time delays between the ISEE^J 
... oucwuttvera with, these gradients will, he used to . . 
demonstrate that the situation is likely to have been produced 
by more gentle spatial gradients. in density and temperature 
being swept by the satellite with speeds comparable to the 
plasma flow speed in the boundary layer. 

In summary, the energy composition of the plasma in region 3 
is consistent with the view that the boundary layer contains 
a mixture of the magnetosheath and magnetospheric components. 

In the dlscussjon section we shall present a possible qualitative 
model which accounts for the formation of both regions 2 and 3 
via a combination of eddy and microscopic diffusion processes. 

We turn now to a brief discussion of the Interrelationship of 

t 

density and temperature variations during the SO minute boundary 
layer encounter. The top two panels in Figure 3 show that t.he 
density and temperature curves are almost perfect mirror ir. : ' os 
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of each other, the implication being that the product of N and 

* 

T, i.e., essentially the pressure, varies much less than N and 
T individually. This latter effect is shown by the plasma 
pressur-o (lower curve) in the third panel. The remaining varia- 
tions in p are such that the pressure tends to be low when the 
plasma density is high. These pressure fluctuations are ba- 
lanced to a considerable extent by the magnetic pressure B /8i 
which is slightly higher in the high density regions so that 
the total pressure (ptB /8n) , shown as the upper curve in the 
third panel of Figure 3, remains nearly constant. An exception 
la the large and unexplained pulse in magnetic (and total) 
pressure near 0548 UT. 
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4 . Plasma Flow Proportl«« 

To study the plasma flow behaviour in detail, we employ the 
three-dimensional FPE-^ata. As a compromise between the con- 
flicting demands of high time and high angular resolution we. show, 
in panels 4-6 of Figure 3, 24 second sliding averages of the 
3D flow vectors as well as the 2D (3 second) data of the bulk 
speed. The latter information can be used to identify rapid 
variations which may lead to time aliasing of the 3D data. 

* A 

The flow direction is given by the angles and which are 
measured in a co-ordinate system associated with the boundary 
normal. This right-handed cartesian system (NOR) is defined as 
follows: the axis is parallel to the outward-directed normali 
to the magnetopause, while the axis lies in the plane de- 
fined by the Earth-Sun line and the z^^ eucis, and points towards 
the tail. The angles and measure the azimuth in the tangential 
(x^, y^) plane and the elevation from this plane, respectively, with 
Cp>0 indicating an outward directed flow component. The normal vector 
employed in the diagrams was the Fairfield (1971) model normal. 

It has solar ecliptic (GSE) cartesian coordinates (0.674,-0.682, 
0.283) and coincides rather closely with the minimum-variance 
normal calculated from the magnetic field vectors in the 
magnetopause (see Section 6) . 

f 

The NOR system was chosen to facilitate a comparison of the 
boundary layer flow with the external (magnetosheath) flowt 
Just outside the magnetopause, a perfectly axisymmetrlc flow 
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ground th« nuignttosphcr* would b« charactorlxed by ■ 0. 

Consequently, when ■ 0 In the boundary layer, the plasma 

flews approximately parallel to the exterior plasma. Contrary 

to expe.?tations, both and deviate from zero after 0550 UT, 

P P 

and both angles show certain quasi-periodic variations. These os- 
cillations are caused by an instrumental effect: since the magneto- 
sheath plasma was rather cool on this occasion, the ion distri- 
butions were not adequately resolved by the 3D instrument. The 
sane effect is also responsible for the noticeable differences 
between the 20- and 3D bulk speed curves in this interval (panel 4). 
At least part of the deviation of the average computed flow direc- 
tion from the expected direction (in the observed sense) results 
from the instrument's systematic underestimate of the flow compo- 
nent parallel to the spacecraft spin axis which 4-s no longer negli- 
gible under the present circumstances. Another plausible reason 
for this deviation is that the magnetopause orientation may have 
changed in association with the inward motion at 0550 UT, cf. Sec- 
tion 6. (Note, however, that in a NOR system based on the minimum 
variance normal rather than on the model one, is even more nega- 
tive.) Nevertheless, the mean deviations of the computed magneto- 
sheath flow angles from zero are sufficiently small to permit the 
use of ■ Cp ■ 0 as the reference for the boundary layer flew directions. 

The bulk flow speed generally starts to increase nearly coinci- 
dent with, but sometimes slightly preceding, the rapid density 
increases at the region 2*^3 transitions. This Initial velocity 
Increase is considerably leos rapid than the density increase, 
while the velocity decrease is more rapid than the density de- 
crease during the return from region 3 to region 2. Thus the 


bulk speed pulses do not hsve the saw-tooth shape 
of the density (and temperature) pulses. 

The flow angles and >Sp * shown. in Figure 3 only for particle fluxes 
exceeding 10' cm~ s'*'* also display a characteristic behaviour 
during the flow pulses. Xn most cases th .2 4cimuth angle Op re- 
mains near zero while the elevation anglis ^ changes from ne- • 

r 

« 

> gative in the early part to positive in the late part of the 
pulse. This result indicates the presence of a substantial flow 
component inward from the magnetopause during the early part* 
outward during the late part, of the flow pulse. Near the pulse 
maicima the flow is usually approximately parallel to the magneto- 
sheath flow. Hence, most of the boundary layer plasma is flow- 
ing approximately parallel to the external flow. When the bulk 
speed is low, on the other hand, the direction is generally 
more variable .(partly for instrumental reasons) , but sometimes 
there are short intervals (e.g., 0503 -0506* UT) when the boundary 
layer plasma has a flow component that is nearly anti-parallel to 
the magnetosheath flow. Some of the above flow characteristics could 
in theory be the result of a B x Vp drift but no consistent relation- 
ship between Vp ar,d has been found. Thus we conclude that the 
observed inward-outward flows are associated with radial E x B 
motion of the boundary layer plasma. Studies of these effects 
using time delays between the two satellites are presented in 
Section 7 . 
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5. Magnetic Field Observatlong 

The nagnetic £i.old vector is shown in the three bottom panels of 

Figure 3, with the field orientation given by an azimuth angle a*g 

and an elevation angle e'^. These angles are measured in the right- 

handed cartesian LMN coordinate system associated with the local 

siagnetopause normal as described by Russell and Blphic (1978) . 

Again the z* axis (N) is along the outward (model) normal, but the 

X* axis (L) is due north and is such that the GSM z axis lies in 

the (x*,z*), or (L,N) plane. The azimuth angle o'g lies in the LM 

plane and is measured from the h (or x*) axis. The NOR and I.MN 

systems differ only by a rotation around the common z"z' axis, 

i.e. in the azimuth angle; in the present case, a «a’ -60®, ci(. the 

NOR scale given on the right-hand side of the a panel. Thus, When 

a s 0 and a* * 0, (and - c'^ s 0), the angle between flow and 
P 3 p B 

field is s 60®. Also, positive excursions of from zero imply 
that the tangential field component is rotated tailward, towards 
the plasma flow direction. 

In the magnetosphere a*g is approximately zero while, contrary 
to expectations, c'^ has a substantial negative value. Since 
the LMN X* axis (L) was not parallel to the dipole meridional 
plane at this time, but was tilted sunward with respect to that 
plane, the former result indicates that the magnetic field lines 
were swept back towards the tall in accordance with standard 
models of the geomagnetic field (cf. Mead and Fairfield, 1975; 
Figure 5). The negative c'g angle in regions 1 and 2 is more 
puzzling. It could again indicate that the orientation of the 
magnetopause normal during the boundary layer encounter period . 
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was different from that of the model normal. This interpreta- 
tion is supported by the. fact that, after the magnetopause 
crossing at 0550 UT, c'^ was close to zero (the roagnetosheath 
a'g value is off-scale in Figure 3 but is • -170^ initially, 
cf. Figure 5). Assuming that the magnetopause orientation was 
stable over a sufficiently long interval, and that the boundary 
was a tangential discontinuity, we can enforce ■ 0 on both 
sides by taking the cross product of an inner end outer field 
vector for the normal direction. Choosing vectors near 0529 
and 0554 UT when the field was relatively quiet, we obtain a 
normal with GSE components (0.550, -0.674 , 0.494). Its z component is 
signiticantly larger than that of the model normal (0.674, *0.682, 
0.283) and is difficult to reconcile, with the given spacecraft location. 
Another possibility is that the satellite pair remained at a 
rather large distance from the magnetopause during most of the 
boundary layer encounters. At high la'titudes near the southward 
edge of the cusp the magnetic field develops a substantial In- 
ward component even at relatively modest distances from the 
magnetopause. Zt will be shown in the next section that the 
magnetopause at the time it was penetrated moved inward at a 
rate of - 50 km/s. At this speed, a distance of 1 is 
traversed in only 2 minutes. 

The magnetic field undergoes systematic changes during the 

transitions back and forth between regions 2 and 3. During 
* • 
the rapid density increases in the 2 3 transitions a and 

c'g both increase. The former change corresponds to a field 

aligned current flowing toward the equator, the latter to a 
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tipping of th« field vector to e position more parallel to 
the magnetopause. In additiont the field magnitude is slightly 
enhanced f indicating an increase of the field tension in asso- 
ciation* with the positive excursions of the angles. These 
variations will be discussed at the end of Section 9. After 
• 0543 UT these systematic features cease. For example « during 
the large field magnitude pulse near 0548 UT» a'^ is negative. 


6. MaqnctopauK 


The orientation and magnetic structure of the magnetopause 
current layer has been oximined by use of the minimum variance 
analysis (for a review, see Sonnerup/ 1976) i The resulting 
normal vector, obtained from the ISEE-2 data set, has the 
GSE components (0.693, -0.713, 0.102) with an estimated un- 
certainty in orientation of only * 5^; the results from ISCE-1 
are essentially the same. This normal differs by an angle of 
10^ from that of the Fairfield (1971) model which has the GSE 
components (0.674, -0.662, 0.283). The latter was used for 
the data presentation in Figure 3 because the distorllon in- 
dicated by the small GSE s component of the minimum-variance 
normal vector may not have persisted throughout the boundary 
layer encounter. 

The structure of the magnetopause is shown in Figure 4 which 
contains, on the left, a polar plot of the tangential field 
components, B, , and B. , along the maximum and intermediate 
variance directions, respectively, and on the right, the 
normal field component, Bj^, versus B^. It is seen that the 
tangential field undergoes a well ordered rotation from its 
magnetospheric (Bj^ > 0) to its magnetosheath (B^ < O) direction. 
The rotation &ngle is nearly 180°. The normal field component 
has an average value of 0.3 jK 0.7 nT and is therefore not 
significantly different from zero. ' 
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IP Sine* the plasma bulk flow apaad axcaads tha magnatoaheath 

apaad by a conaidarabla amount in thraa of tha boundary layar 
plasma oncountars pracading tha magnatopausa crossing (saa 
Figura>3), it is of intarast to ask whathar thasa high.spaeds 
could hava baan causad by local magnetic field reconnection as 
in tha case described by Paschmann at al. (1979). The reconnec- 
tion model requires the tangential velocity change and 
magnetic field change across the magnetopause to be colinear. 
However, such is not the case. The high plasma velocities in 
the boundary layer are approximately parallel to the magneto- 
sheath flow vectors i i.a., Av^ is tatlward (along NOR-x) , 
while AB^ is along the maximum variance direction, which is 
almost parallel to the LMN-h direction. Hence the two vectors 
are miovaligned by about 60 °. Furthermore, the velocity change 
predicted by the reconnection model, | AB^|/()i^p) is about 
200 km/s while the observed |av^| is less than 100 km/s. This 
disagreement between the measured local Av^ and the one predicted 
by theory does not exclude the possibility that the boundary 
layer plasma was accelerated by reconnection as it crossed the 
magnetopause somewhere upstream of the observation point. How- 
ever, an entirely different explanation for the observed bound- 
ary layer velocity peak's is also possible and will be presented 
in the discussion section. 

It is also of interest to establish the thickness and speed of 

f 

the magnetopause as well as the thickness of the layer just in- 
side the magnetopause in which the plasma density decreases 
down to the region 2 level. This can be done with the aid of 
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Pi 9 ure 5 which ahowa plaama denalty and flald an^la a'^ tor both 

ZSEE-1 and -2 aa a function of tine. Zt ia aeen that the outer 

• ^ 

aatellite, ZSEE-1 f encountered^ the magnetopnuae approximately 
10 a earlier than the inner one. Since the component of the aa- 
tellite separation vector along the minimun variance normal waa 
500 km one concludea that the mngnetopauae moved inward with a 
apeed of approximately 50 km/a at the time of the croaaingi. The 
duration of the magnetopauae current layer ia about 20 a ao that 
ita thlcknesa waa of the order of 1000 km. For ZSEE-2, the denalty 
Increase from the region 2 level to the magnetosheath one cixn- 
mences approximately 4 a prior to the inner edge of the magneto- 
pause zr.i is essentially complete at the latter location. Thus 
at this time the density ramp* i.e., the boundary layer* had a 
thickness of only about 200 km. For ZSEE-1 * the magnetic field 
rotation started at about the same time as* or even slightly 
prior ,to the density increase* indicating that no boundary layer 
was present. The different slopes and other features of the ZSEE-1 
and -2 curves during the crossing indicate that substantial changes 
in magnetopause velocity and/or in plasma and magnetic structure 
occur on time scales of the order of 10 a. 
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7, Int«trpr«tation 

• 

In order to develop e eonceptuel. model which orders the obser- 
vetlons discussed in the previous sections, it is necessary 
first to examine the time delays between the ISEE-1 and *2 en- 
counters with the boundary layer (region 3) plasma. This is 
done in Figure 6, which shows the ISEE-1 and -2 ion ; 
densities, as a solid curve and as dots, respectively, during 
the major part of the boundary layer encounter: the remaining 
period « that immediately preceding the magnetopause crossing, 
may be found in Figure 5. Xn examining these figures it is 
Important to remember that ISEE-1 was 500-550 km closer to the 
magnetopause than lSEE-2, and that the separation vector between 
the two satellites formed only a small angle with the nominal 
magnetopause normal. 

t 

The most striking feature in Figure 6 is that, for the most 
part, ISEE-1 entered the boundary layer (region 3) before, and 

I 

left that region after, lSEE-2. There is no single instance 
where ISEE-2 entered region 3 before XSEB-1 as would occur if 
the boundary layer consisted of plasma sheets (or blobs) sepa- 
rated frcmi the magnetopause, and the satellites were traversing 
a sheet surface facing the magnetopause. There are a few Isolated 
Instances when an &Kit from region 3 was nearly simultaneous 
for the two satellites and even when ISEE-1 exited somewhat be- 

f 

fore ISEE-2. But the preponderance of the timing evidence in 
Figure 6,, including several instances when region 3 plasma was 
seen by ISEE-1 and not be ISEE-2 (e.g. near 0505 and 0513 UT), 
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IndicattB that tha satalllta pair crossed into and out oi 
region 3 across an interface located on the earthward side 
of that region. In other words# there is no evidence in tha 
present data set that rec/jires a detached boundary layer. 

Below# we discuss three models# all of which have an attached 
boundary layer# and all of which are consistent with the basic 
observation that the boundary layer (region 3) plasma was seen 
intermittently during the 50 minute period preceding the magneto 
pause crossing and# in particular# that it was essentially ab* 
sent adjacent to the magnetopause crossing. These models are 
also shown in Figure 7. 

Model A consists of a plasma layer attached to a smooth magneto- 
pause surface. The plasma moves tailwards and the layer thick- 
ness is essentially independent of the tailward coordinate 
The magnetopause and boundary layer together execute a <juasi- 
perlodic inward/outward motion. In addition the boundary layer 
thickness varies with time in such a manner that it happens to 
be nearly zero at the time of the magnetopause encounter. 

Model B is similar to model A except that the Inward/outward 
motion of the systefa is replaced by an undulation of both 
magnetopause and boundary layer to form a tailward moving wave 
train. 

* * 

f 

Model C has a smooth and generally nearly stationary magneto- 
pause surface with an attached plasma layer# the thickness of 
which is a function of x^. This layer moves tailward with the 
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result that s satellits crossing the region will observe the 
boundary layer plasota intemittently. The modulation of the 
boundary layer (region 3) thickness is large and incorporates 
values near sero. Thus the model can be described as field- . 
slignedT plasma blobs sliding along the magnetopause. The radial 
width of these blobs is of the order of one earth radius. Their 
length in the flow direction is typically 3^8 based on a du- 
ration of 2-5 minutes and a flow-speed of 150 km/s. The indivi- 
,dual blobs are sometimes connected via narrow necks along the 
magnetopause but are sometimes entirely disconnected. The lead- 
ing^ and trailing edges may be steep, as shown in the figure. On 
the basis of the behaviour of shear layers in ordinary hydro- 
dynamics It may also be presumed that the blobs contain sub- 
stantial vortex motion in the sense indicated in the figure. Ax 

discussed in Section 6, inward motion of the entire magnetopause- 
0 

boundary layer system with - 50 km/s must have occurred during 
the magnetopause encounter. ■ 

k 

» 

In discussing the advantages and disadvantages of the three models 
it is first noted that each incorporates certain ad hoc elements. 
In all models it must be assumed that the boundary layer (region 3) 
thickness happened to be nearly zero at the time of the magneto- 
pause crossing. Model C'has the ad'^i^ntage that it implies the 
regular occurrence of a vanishing or nearly vanishing thickness. 

On the other hand, in model C it is necessary to assume the on- 
set of inward motion of the magnetopause and boundary layer at 
the time of the crossing of that layer. Such motion is a regular 
part of models A and B.. . . » t » 

During the 50 minutes prior to the magnetopause crossings, all 
three models may require a slow outward motion of the magneto- 
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pause and boundary layer with the satellite pair in order to 
account for the fact that they all predict# but the date sat 
does not show# a systematically increasing time duration of the 
region 3 encounters and a decreasing duration of the inter* 
vening gaps (region 2) as the satellite pair progresses out* 
ward. Such slow magnetopause motion has been reported (Aubry 
et al.# 1970) but in the context of the present models it re* 
presents an ad hoc additional assumption. In model C steep 
jiefiding and trailing edges of the plasma blobs may in part 
<;$liminate this difficulty. 

* 

Turning now to the more definite predictions of each model# 
it is first seen that models A and B predict a high likelihood 
of multiple magnetopause crossings whereas model C does not. 

Since only a single crossing was observed# model C has a defi* 
nite advantage. Models A and C both predict inward plasma motion 
during the early part# outward motion during the late part# of 
an encounter with region 3# while model B has the opposite pre* 
diction. Furthermore# model B# but not models A or C# predicts 
a sunward tilt of the magnetopause normal vector at the time of 
the magnetopause crossing. The data do not indicate a signifiv 
cant tilt in that direction# as can be'jUu^ed from the smallness 
of the angle between the minimum variance and model normal vec* 
tors mentioned in Section 6. Model C# but not models A and B# 
may account for the occasional occurrence of situations where 
ISEB-2 leaves region 3 befO£^» ISEE-1 . This situation requires 
a negative slope of at least part of the trailing edge of a 
plasma blob as shown in Figure 7. Such a situation would not 
occur in model B unless the magnetopause develops severe folding. 
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On the baeia o£ these ^results It appears that, among the 
three models, C offers the best explanation of the observed 
plasma data. However, it Is also evident that some elements of 
at le'ast model A and perhaps also model B may have been present 
In other words, we do not argue that the magnetopause has no 
radial motion and no small-amplitude, long~wave length waves. 

Ne do argue that the dcxninant contribution to the quasiperiodic 
entry into, and exit out of, the boundary layer (region 3) is 
likely to have been produced by plasma blobs sliding tailward 
along the magnetopause, as assume i in model C. 

In order to check the validity of model C further and learn 
more about the sha^e of the plasma blobs we have used the time 
delays between the two spacecraft for region 2* •» 3 and 3 2 

crossings to calculate the vector normal n to the interface 
between the two regions. Denoting the time delay (t 2 - t^), 
and the separation vector (rj ~ between ZSlE)B-2 and -1 

by At and Ar, respectively, we have 

(V At - Ar) • n ■ 0 

This relation is based on the assumption that'^n andvV<-n remain 
unchanged during the interval At. If one further assumes the 
Interface to be field aligned so that 

B • n “ 0 
it follows that 

n - +(U X B)/|u X B] 


38 


9 


wher« 

U S (VAt - , 

In order to remove the ambiguity of the sign of n we require 
that V* n>0 for positive density gradients (leading edges) « 
and y • n < O for the negative ones (trailing edges) .. The resulting nonnal 
vectors will point from the boundary layer into the haIo« 

Another expression for the Interface normal can be obtained 
by computing the cross product^ §2 x of field vectors 
taken from either side uf the boundary. This method is also 
based on the assumption that the interface is field aligned 
(i.e.i a tangential discontinuity) but it is independent of 
the plasma measurements. It fail's, of course, when the field 
rotation is small. 

♦ 

The results of both methods are shown in Figure 8 as projections 
of boundary layer normals onto the (x^,z^) plane of the NOR 
system in which is the model magnetopause normal, and 
is the direction of the axisymmetric (tailward) magnetosheath 
flow. Letters (a)-(l) refer to the respective density gradients 
in Figure 8. The time delays At were determined from the ID elec> 
tron data (not shown). Sectors with radii of short and intermediate 
length indicate the range of normal directions obtained from the 

I 

U X B method, using data on the low and on the high density side of the dis- 
continuity, respectively. The s^ead in angle is associated with uncertainties 
in At and fluctuations in B. Because of the comparatively 


1 


29 


lon9 cycle time (12 s) of tho 3D Instrument, 

a 

only one plasma data point from either side of the gradient 
was employed. Uncertainties due to statistical errors of the 
plasma bulk speed are not displayed. They are likely to be 
of the same order as those shown, particularly for the data 
from the halo region where V is usually small. The long 
arrows result from the B 2 x method. They represent the 
averages over up to 9 values. Arrows were not drawn when the 
field rotation was les^ than 15^ for all individual vector 
pairs. In this context, it is significant ta note that such 
normal vectors could not be reliably determined for several 
of the diagrams on the rightvv The explanation is found in 
Figure 3 which shows that across trailing plasma edges the 
field rotation is generally smaller (and more 'gradual) than 
■across the leading edges. 

Zn some of the examples the three normal directions differ 
quite significantly from each other. This, as well as the 
occasionally large spread in angle of an individual normal. 
Indicates that variations of the plasma and field parameters 
pccurred in less *-han 9 s or 12 s wltLch are the sampling and,, averaging 
Intervals for the (3D-) plasma and (medium resolution) field data, 
respectively. (Although uncertainties of the plasma data were not 
taken into account explicitly they are Implicitly present 
nevertheless: 4 close look, at Figure 6 shows that some of 
the density gradients have different slopes in the ISEE-1 

and -2 ’data, indicating a change in bulk speed within a few seconds. 

%■ 

In sUfc4) cases,, the underlying assumption that V • n is identical 
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on the two sides of the discontinuity breaks down. In view of all 

these uncertainties we consider the agreement between normals | 

within each of the double columns in Figure 8 as remarkably good. ) 

i 

Deviations of the directions from those expected for leading and I 

trailing edges (e.g., example c) will be discussed below. ' * 


The first noteworthy feature in Figure 8 is that, with the ex- ' 

i 

ception of one case (event k, ZSEE-1), all of the U x B normals 
have negative components. In other wotds, the vectors point 

( 

towards the magnetosphere. Since the normals were chosen to point 
from the boundary layer into the halo this result implies that 
none of the crossings had the signature of a boupd.-»»-y layer dey 
tached (and separated by halo or magnetospheric plasma) from the 

magnetopause. * 

• f 

* f 

^ The second remark concerns the components of the normals. Al- 

* 

most all casf/s suggest that the inner boundary of the boundary 

layer was tilted relative to the model magnetopause. Furthermore, ) 

•n*.Xjj is positive for the majority of the leading edges, and nega- 

t 

tive for the trailing edges. Since we have applied the constraint 
v«n>0 for leading and trailing edges, respectively, this Is 
what would be expected for models C and B in Figure 7 if the bound- 
ary layer flow always had a component parallel to the exterior 
flow (v • x„ > O) . However, as already pointed out in Section 4, the 
boundary layer plasma occasionally has a sunward flow component. 

It is for such periods that the x^ components pf the normals in 
Figure 8 have the apparently wrong sign. In particular, in case e 
the plasma flows towards the sun during the entire period although 
partly at rather low flux levels so that the flow variables are 
not continuously displayed in Figure 3. 



The relative orientation in Figure 8 of tho normal vectora at 
entry into and exit from the boundary layer blobs indicates 
that the slope of the boundary layer edge relative to the magne- 
topause is frequently steeper at the trailing (exit) than at the 
leading (entry) edges# A straightforward interpretation of the 
saw-tooth structure of the boundary layer encounters in Figure 3 
%X)uld indicate the opposite behavior: the rapid entries should 
correspond to steep slopes and the gradual exits to gentle ones. 
A plausible explanation for this apparent inconsistency in the 
observations is that the trailing edges are ragged and that the 
selection of events for the time-delay analysis underlying 
Figure 8 is strongly biased toward the steepest slopes. 
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3. Other Observations 


So far, our discusaion has concerned only a single case. We 

I 

now briefly discuss sc^me of the other observations, purlng 
their first year of operation, ISEE-1 and -2 provided data 
from over 120 passes across the outer magnetosphere and ma- 
gnetopause between 0400 and 2000 hours local time, and between 
4-40 and -20^ GSM latitude. This number is too large to permit 
examination in as much detail as the crossing discussed above 

but we have surveyed low resolution (1 minute) data from most 

* 

of the passes, and full-resolution data from many c£ them. 

Some 20 of the flan)c orbits showed the presence of the plasma 
mantle, for example, the plasma was streaming tailward along the 
magnetic field. In the other cases, the. boundary layer flow had a 
significant cross-field component which Is typical for the 
low-latitude layer. The appearance of the boundary layer 
spanned the entire range fou.nd in the surveys of Haerendel 
et al. (1978), and Eastman and Hones (1979), from virtually 
no boundary layer plasma to layers of intermediate and com- 
paratively long duration, some of them with only one crossing 
of the magnetopause, others with muj.tiple crossings. It is 
worth pointing out that it was difficult to find even a few 
crossings in which the boundary layer density decreases 
smoothly w'ith time from the magnetosheath density towards 
the magnetospheric value. Instead, many of the passes con- 
tained the main feature of the example studied here: the 
recurrent appearance of boundary layer plasma, at inter- 
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density levels, alternating with magnetoaptolc-lUce plaana. 
Usually, the total duration was comparatively short (20 minutes 
or less), and often, several magnetopause crossings occurred. 

There were three crossings (outbound orbits 12, 26, and 28) 
with complete data coverage for which the data looked very 
similar to Figure 1 : all showed the intermittent presence of 
boundary layer plasma for 50 minutes or more, followed by a 
single magnetopause crossing. Unfortunately, the rate of data 
transmission was low in all three. cases, i.e., 4 times lower 
than for orbit 7, so that precise timing studies could not be 
performed. One of these crossings, shown in Figure 9, occurred 
near the location of the November 6, 1977, crossing; the other 
two were located at low latitudes near the daw^- meridian. 

There are two differences between Figures 1 and 9. First, the 
density and temperature in the latter case tended to return 
to their magnetospheric levels in the gaps between the inter- 
mittent boundary layer encounters. Thus the region 2 plasma 
was essentially absent. Second, in Figure 9 but not in Figure 1 
boundary layer plasma (at densities up to the ms^Tietosheath level) was 
present for a substantial time interval just prior to the magnetopause crossing 
near 0632 UT. Neither feature is in conflict with model C. In all otJier as- 
pects the two crossings are remarkably similar, including the 
sense of the magnetic-field variations during the boundary 
layer encounters (a rotatiqn towards a more tailward and out- 
ward pointing direction concurrent with an increase of the 
field magnitude) , as can be seen in some cases even in the 
low-resolution data of Figure 9. 
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It is interesting to compare the detailed observations ob- 
tained with the ISEE instruments with the results of the 
HEOS-2 survey by Haerendel et al. (1978). For orbit 7 out- 
bound « we have simulatdd the long sampling interval (v 86 s) 
and even longer repetition cycle (256 s) of the HEOS instru- 
ment by adding up an appropriate number of ISEE distributions. 
The resulting time plot (not shown) looks strikingly similar 
to Figure 11a of Haerendel et al. which qualified in their 
study as a thick layer (> 0.5 H^) with low density (n<0.25n||g). 
In the overviews shown in their Figures 1 and 3, such crossings 
were represented by large encircled wrosse,^. It is worth 
pointing out that in this simulated data set the boundary 
layer density tends to form a plateau a factor of 2-3 below 
level 3 of Figure 1 . This tendency was in fact conjectured 
by Eastman and Hones (1979) « and finds its explanation in 
the observation that the apparent period of the density varia- 
tions is comparable to that of the sampling pattern of the 
HEOS-2 instrxunent. Nevertheless , a density jump between 

V. 

regions 3 and 4 (albeit of a smaller magnitude than that de- 
duced by Haerendel et al. (1978) from HEOS-2 data) seems to 
be a frequent feature of the frontside low-latitude boundary 
layer. 


t. Dlscu««ion 


9S 


III th« previous section we have established that node! C ex- 
plains the observations In considerable detail. The model’ has « 
however* been presented entirely In geometrical terns. It Is 
now desirable to examine whether support for It may be found 
In terns of physical processes. 

We first ask whether the boundary layer could have been popu- 
lated by diffusion across the magnetopause. Assuming an aver- 
age plasma boundary layer thickness* density* and flow speed* 

of 1/2 R^* 8 cm**^* and 150 km/s* respectively* we obtain a total 

1 8 

boundary layer particle flux per unit height of 3.8 ■ 10 

n**^ s~^ at the spacecraft location. With a flow distance from 

the subsolar point of 18 the magnetopause area across which 

this flux must enter is approximately 5.7 • 10 m . Thus the 

average diffusive particle flux across the magnetopause Is 

€.7 X I0^^m~^ s~^ . This flux should approximately equal D&n/h 

where D is the diffusion coefficient* An the density change 

across a diffusion layer of thickness h. Using the value D« 10®mVs 

as an example* and a magnetosheath density of 35 cm>^* 

-3 

we have An ■ 35-8 - 27 cm . Thus the thickness h can be cal- 
culated and is found to be • 400 km. This is of the order of 
the measured magnetopause thickness and we conclude that the 
observations are compatible with the hypothesis that the bound- 
ary layer was formed by diffusion across the magnetopause with 
an effective diffusion coefficient D of 10^ m^/s. If* however* 
the real value for D is substantially less* some other entry 
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process must be operative upstre^.n pt the observation point* 

The flux-transfer like variations outside the magnetopause 
may have a bearing on this possibility. Clearly, our analysia 
does not provide an unambiguous answer to the question of the 
plasma entry mechanism, 

* 

Substantial diffusion across the magnetopause occurs only in 
the presence of a very steep density gradient there. In our 
estimate above, the density decreased from 35 to 8 cm"^ in a 
distance of only 400 km. Large gradients are indeed frequently 

* 

seen, Zn the November 6, 1977. case the situation was extreme 
at the time of the magnetopause crossing because virtually no 
boundary layer plasma was present adjacent to the magnetopause 
and the density dropped from 35 to 1 cm~^ in a distance of only 
200 km (see Section 6) , One must presume that the distance scale 
is sim.^lar during passage of the boundary layer blobs. Note 
that we also expect, and do indeed observe, a steep gradient in 
the density of outward diffusing magnetospheric particles at the 
magnetopause (Figure 2) , 

We next ask how it is possible, in a diffusion model, to have 
a steep density gradient at the magnetopause followed by a more 
or less constant density across a boundary layer as thick as 
perhaps 1/2 on the average, with another steep density de- 
crease at the inner edge of that layer. It seems likely to us 
that such a situation will arise because of eddy transport in 
the boundary layer. Such transport was originally suggested 
by Haerendel (1978) to operate mainly in the entry layer where 


37 


It could be driven by pressure fluctuations associated with 
hydrodynamic turbulence of the exterior cusp flow. Zt is also 
known to develop spontaneously and to be exceedingly effi- . 
cient 'in ordinary hydrodynamic shear layers. We see no reason 
why it should not be operative in the low**latltude boundary 
layer too, moving high as well as low energy particles. As 
already mentioned, this feature has been incorporated in model 
C and it is supported by the measured plasma flow in the blobs. 
The eddy motion is expected to be two-dimensional and field 
aligned, involving the interchange motion of flux tubes. This 
Interchange motion is likely to be impeded to some extent by 
the ionosphere. However , this Impediment may be rather minor in 
the fast moving boundary layer. The reason is (e.g. Sonnerup, 
1980) that this layer must decouple itself relatively efficiently 
from the ionospere, by means of field-aligned potential drops, 
in order to avoid excessive ionospheric electric fields and 
field-aligned currents. At the inner edge of the boundary 
layer this decoupling ceases. There the plasma velocity drops 
rapidly and further inward transport of plasma originating in 
the magnetosheath, as well as outward transport of magneto- 
spheric particles, can no longer be achieved via eddy motion. 

Zt must again occur principally via the more inefficient micro- 
scopic diffusion. For this reason, steep outward gradients 
in the high-energy ones, are expected, and are also seen 
(Figure 2), at the inner edge of the boundary layer (region 3). 
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The boundary layer halo (region 2) may also have been formed 
by inward diffusion of boundary layer plas>na.. Even though this 
transport process is inefficient it may lead to a relatively 
thick halo. For example, if we assume a tallward flow speed 
Vq •* 25 km/s in the halo, the diffusive thickness at the ob- 
servation point is of the order of (DL/V^) ^ , where L is 

the flow length from the subsolar point (L > 18 R^) . Again 
using D * 10^ m^/s we find the thickness of the halo to be 
- 2000 km. We cannot exclude the possibility that some process 
in addition to microscopic diffusion is operative in the halo. 
In particular, some eddy motion may bo expected in the wake 
of each plasma blob in model C. 

He turn now to a discussion of the mechanism leading to the 
formation of plasma blobs. One prominent possibility is that 
the Upstream source of the boundary layer plasma, whether it be 
entry at specific locations, reconnection patches, or 
.regions of efficient diffusion, is switched off and on periodi- 
cally. Since the entry process is unknown we are not in a po- 
sition to examine how its efficiency could be modulated to form 
the observed blobs. However, there exists an entirely different 
explanation for the fozrmation of the blobs. It may be argued 
(Sonnerup, 1980) that a boundary layer of constant thickness 
should be expected to break up into blobs as a result of the 
Kelvin-Helmholta instability operating, not at the magneto- 
, pause, but at the inner edge of the boundary layer. The 


principal atabilizing affact; la providad by tha ii^agnofcic- 
fiald 8haac« craatad by fiald-^aXigned curcanta* Thla ahaar ia 
ralatlvaly amall at tha innac edge of tha boundary layer * 
(Figure 3) , while in the magnetopauaa itaelf it ia large 
(Figure 4 ) . Further# tha principal deatabillzing afiact, tha 
velocity gradient# ia aubatantial at the former location 
(Figure 3) but probably only modeat at the latter (Figure 3) . 

Coupling to tha ionosphere ia expected to impede, but not 

% 

prevent# the interchange motions required for growth of the 
instability. The question needs to be examined whether the 
growth rate of the instability is sufficiently large to allow 
development of blobs in the time it tabes the boundary layer 
plasma to travel from the subsolar point (as the most distant 
possible region of entry) to the region of observation. 

The development of the Kelvin-Helmholtz instability at the 
Interface between regions 3 and 2 might be expected to lead 
to a thinning of the halo (region 2) over the wave crests and 
a filling in of the valleys between the crests# as shown in 

a 

Figure 7. By following the satellite path relative to the 
Bloving plasma in that figure, it then becomes clear why the 
ISEC satellites observed only a brief passage through region 2 
just prior to the first boundary layer encounter at 0459 UT 
and why they never again sampled purely magnetospheric plasma 
but only region 2 and 3 plasma during the subsequent SO minutes. 
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In a mor« spaculatlva vein, we observe that if the Kelvin- 
Helmholtz waves travel at a speed somewhat less than the 
average plasma speed in the boundary layer, then, in the 
frame of the waves, the plasma still has a net tailward flow 
component. Mass conservation then suggests increased tailward 
flow speeds in the narrow necks, adjacent to the magnetopause, 
which connect the plasma blobs. This may provide a plausible 
explanation for the high boundary-layer velocities observed 
prior to the magnetopause crossing (Figures 1 and 3) . However, 
the alternate possibility, that these velocities are associated 
with reconnection somewhere upstream of the satellite, cannot 
be e>’oT‘:ded. 

K final comment concerns the direction of the field-aligned 
currents observed at the interface between regions 2 and 3. 

As already mentioned, these currents flow toward the equator 

* 

and perhaps the southern auroral ionosphere, rather than into the 
northern one. Thus they are opposite to the currents predicted 
by Eastman et al. (1976) as the result of distributed momentum 
transfer from the magnetosheath and boundary layer plasma flow 
to the polar-cap ionosphere via the terrestrial magnetic field. 
These authors suggested that such transfer is taking place over 
the entire front side of the magnetosphere. In an earlier paper, 
Haerendel and Paschmann (1975) had developed a similar dynamo 
model, but they suggested that the transfer is more or less 
confined to the entry layer, i.e. to high latitudes. Both 
models have in common that poleward of the transfer site the 
currents (on the dawn side) are flowing into the nearby iono- 
sphere. But with a localized source as in the latter one, some 
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fraction of the current coulc alao flow towitrda the equator, 
and, at an observation site close to, but equatorward of the 
cusp (as in the present examples) , could produce field dis- 
tortions of the observed sense. Other ideas may also' be In- 
. yoked, and will have to be tested in a systematic study of 
all the relevant data. 
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Figure ; 

♦ 

Figure 1 < Plasma and magnet; ic-field data from an ZSEE out- 
bound pass through the outer magnetosphere, low-latitude bound- 
ary layer, and magnetosheath; near 0800 hours local time and 
40^ northern GSM, latitude. The plasma parameters are, from top 
to bottom: proton (N^) and electron (N_) densities in units of 

p b 

cm”^ as solid and dotted curves, temperature T . and T_ in Kelvin, 

P 

and proton bulk speed (v^) in km s**^ . The data are from the 
lASL/MPE two-dimensional instrument with points obtained every 
3s, and displayed every 24 s. Magnetic-field data (lower 
three panels/ are 64 -s averages obtained from the UCLA magneto- 
meter, and are given as GSM azimuth (4g) and elevation (Ag) 
angles and field magnitude, B, in gammas. Density levels 1-4 
indicate characteristic values for the outer magnetosphere, 
boundary layer halo, boundary layer proper, and magnetosheath, 
respectively (cf . Figure 7 for a physical model) . 

Figure 2: Proton and electron partial densities, i.e. contri- 

butions from certain energy bands to the total densities shown 
in Figure 1. Units are cm"^, and the curves are displaced by 
t%ra decades each. The vertical line near 0550 UT marks the 
magnetopause crossing. 

Figure 3; Details of the boundary layer observations. The 
upper three panels show the proton density and temperature, 
and the proton pressure (P^, lower curve) as well as the 
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2 oft 

total pressur*, ■ Pp + B /Bn, both in units of dynss 
cn”^. The central three panels display the proton flow be- . 
haviour. The Vp panel shows both the bulk speeds deriv&d fron 
the 2D and 3D instrunents. Note the good agreement betvreen th« 
two curves everywhere except nea.^:* ' steep gradients (where the 
3D samp'ling time is too long) and in the magnetonheath, after 
0550 UT (where the temperature is too low for the 3D instrument 
to resolve the distributions adequately) . measures the flow 
azimuth in the local tangential plane of the magnetopause, with 
Op * 0 indicating t>erfectly symmetric tailward flow (away 
from the stagnation point) . Cp measures the flow elevation from 
this plane, with O indicating an outward directed com- 

ponent. (NOR system, c£. the label on the left of these panels). 

7 -2 -1 

Note that 0 ^ and c_ are not dlsblayed for N_ • v_ < 10 cm s . 

P P P P 

The lower three panels show the magnetic field as magnitude (B) , 
and azimuth '(o'p) and elevation (c'p). These angles are similar- 
ly defined as the plasma flow angles except that o'p ■ 0 points 
towards GSM north (LMN system of Russell and Elphic) . NOR and 
LMN are based on the Fairfield model magnetopause normal for 
the spacecraft position at 0550 UT. In the present case, 
a (NOR) c o*(LKN) -60°, cf. the NOR scale on the right-hand side 
of the a*B panel. Vertical lines mark the more prominent 
leading edges of boundary layer density variations and the.^ 
magnetopause crossing.* 

t 

Figure 4: Hodograms of the magnetic field vector (in units 

of nT) for the ISEB-1 magnetopause crossing, shown in the prin- 
cipal axes coordinate system obtained from a minimum variance 
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analysis. The i and k axes are the directions of inaximum and 
mininum variance of the field, respectively; all three are 
rather closely aligned with their respective counterparts of 
the LtlN system employed for the previous and subsequent figure. 

The (i,j) plane on the left is tangential to the magnetopause, 
and the (i,k) plane corresponds to a meridional cut with k 
being the outward directed normal to the boundary. 

Figure 5: Proton densities and field azimuth angles in 

the tangential plane (o'q * vicinity of 

the magnetopause crossings as seen by ZSEE-1 (solid curves) 
and ISEE-2 (dots). Data are displayed every 1.5 s. ISEE-1 was 
■ 510 km further outward than ISEE-2, with the separation vector 
being almost parallel to the model (and mininun yarlanoe) normal. 

' Figure 6: ZSEE-1 and -2 proton densities (solid and dotted 

curves, respectively) during the earlier boundary layer en- 
counters, showing the time delays between certain features as 
seen by the two spacecraft. Letters a-1 mark those interfaces 
for which normal vectors are displayed in Figure 6. Note that, 
because of an ZSEE-2 data gap, panels 2 and 3 are not contiguous. 

Figure 7: Three models to explain the observations: (A) a 

uniform boundary layer attached to a smooth magnetopause, both 
oscillating together about their normal position with speed v^; 

f 

(B) a uniform attached boundary layer disturbed, as the magneto- 
pause, by surface waves; and (C) a boundary layer of non-uni- 
form thickness attached to a smooth magnetopause. The observations 
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favour nc^cl C (although alementa of A and B ara presanti ef. 
the text). In this model, regions 1-4 denote the outer ma- 
gnetosphere, halo, boundary layer proper, and magnetosheath, 
respectively (cf. Figure 1 for the corresponding density (and 
temperature) levels) . The open arrows denote^ as in models A 
and D, plasma flow in the spacecraft frame of reference. The 
flow vortex (dashed curve) and the satellite path, are shown 
for a moving system in which the boundary layer structure is 
(approximately) at rest, is the model magnetopause normal, 
and n Is the boundary layer normal pointing into region 2 
(cf. Figure S) . 

Figure 8: Boundary layer normals at the halo interface de- 

rived from density gradients a-1 in Figure 6 and from simul- 
taneous field rotations if present (c£. Figure 3). St ■ 
are the time dul-^ys (in seconds) with which the respective 
gradients were observed by the two spacecraft. Each individual 
diagram shows projections of the boundary layer normals onto 
the (X|^,z^) plane of the NOR system in which is the model 
magnetopause normal, and x^ is the direction of the symmetric 
magnetosheath flow. The sectors with radii of short and inter- 
mediate lengths indicate a range of directions derived from 
the plasma and field data on the low- and high-density side of 
the discontinuity, respectively (U x B method, cf. the text). 
Symbols were not drawn when (data were missing or) the plasma 
bulk speed was low and hence when statistical errors were large. 
The long arrows are based on the §2 x B^ method described in 
the text. To avoid cluttering the figure', only the average 


4ir«ction was drawn, with spraads in angle being typically 
less than * Larger variations I* 10°) occurred when also 
the two U X B normals differed significantly from each other. 
Arrow/r were not drawn when the field rotated by less .than 15°. 

Figure 9: Plasma and field data for another ISEE pass showing 

basically the same features as Figure 1 . 
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